Abstract: To evaluate the value of 18 F-fluorodeoxyglucose-positron emission tomography/computed tomography ( 18 F-FDG PET/CT) and pretherapeutic Ki67 in predicting pathologic response in locally advanced breast cancer (LABC) after neoadjuvant chemotherapy (NAC).
INTRODUCTION
N eoadjuvant chemotherapy (NAC) has been regarded as the standard treatment for patients with locally advanced breast cancer (LABC) because NAC can significantly downstage the primary tumor and enhance the probability of successful breast-conserving surgery. 1, 2 Effective response to NAC usually implicates a favorable outcome especially in patients who have achieved pathologic complete response (pCR). 3 However, pCR is achieved only in the minority (approximately 20%) of breast cancer patients, and the response rate to NAC varies among different intrinsic subtypes of breast cancer. [4] [5] [6] Therefore, early prediction of therapeutic effectiveness to optimize individual patients' treatment in case of ineffective and excessive chemotherapy is essential.
Ki67 is a cell proliferation marker, which is exclusively detected during active phases of cell cycle (G1, S, G2, and mitosis). 7 The percentage of Ki67-positive tumor cells has been confirmed to be a prognostic factor with regard to progressionfree survival and overall survival. 8, 9 However, data on Ki67 as a predictive marker are scarce. Several researchers have assessed the predictive significance of pretherapeutic Ki67 by coreneedle biopsy. [10] [11] [12] [13] [14] Two studies reported no correlation between pretherapeutic Ki67 and response to NAC. 10, 11 However, some researchers indicated that the expression of pretherapeutic Ki67 was also a pCR predictor to NAC. [12] [13] [14] Patients with high Ki67 level were more likely to respond to NAC, even in estrogen receptor (ER)/progesterone receptor (PgR) positive patients who were considered to be less chemosensitive. 15 So, the role of Ki67 as a predictive marker is still controversial. In addition, Ki67 is a biomarker with large heterogeneity in tumor tissue. Ki67 alone as a predictive biomarker for predicting pCR to NAC is not convincing enough. 18 F-fluorodeoxyglucose ( 18 F-FDG) is widely used in positron emission tomography/computed tomography (PET/CT) as a radiopharmaceutical. Tumors with high FDG uptake in PET/ CT usually have strong glucose metabolism and proliferation activity. 18 F-FDG PET/CT used for early response assessment in the oncology field [16] [17] [18] has been reported to be a useful tool to differentiate responders from nonresponders early in breast cancer according to the changes of FDG uptake. 19, 20 Recently, FDG-PET has also been shown to predict pathologic response to NAC with the parameter of relative changes in FDG standardized uptake value (SUV) after 1 or 2 cycles and the best time point for prediction was at the 2nd cycle of NAC. 21 Both Ki67 and FDG are proliferation markers with the potential to predictive response to NAC. Whether combination of 2 biomarkers will enhance the predictive power for pCR to NAC is unclear. Nobody has explored the approach. Therefore, in our study, we firstly explore the predictive value of pretherapeutic Ki67 for pCR through retrospectively analysis of 301 LABC patients treated with NAC as a training set. Then, we prospectively collected 60 patients as a validation set to confirm the predictive significance of Ki67 (a proliferation marker) and PET/CT (a metabolism detective tool) and to explore the predictive value of combining both of them.
PATIENTS AND METHODS

Patients
As a training set, 301 patients with LABC (stage II and III) who were treated with NAC followed surgery in our institution (Fudan University Shanghai Cancer Center) from with evaluable pretherapeutic Ki67 score and pathologic response to NAC were retrospectively analyzed. Patients with inflammatory breast cancer, metastasis, previous breast cancer, or other malignant tumor history or with severe comorbidity were excluded. In order to confirm the predictive value of Ki67 and 18 F-FDG PET/CT and to explore the predictive possibility of combination both of them, women ages between 18 and 70 years with newly diagnosed, noninflammatory, LABC, who could undergo PET-CT examination and at least 4 cycles of NAC, were consecutively and prospectively enrolled into our study as the validation data set. The clinical stage was assessed by physical examination and imaging procedures (breast ultrasound and/or magnetic resonance imaging). Histological type and expression of ER, PgR, HER2, and Ki67 in primary tumor tissues were assessed by core needle biopsy. PET/CT were performed at baseline (before initiating NAC), and after 2nd, 4th cycle of NAC. Patients with serious diseases unable to tolerate chemotherapy, previous chemotherapy or radiotherapy history, or with unexpected metastasis at baseline PET/CT were excluded. The study was approved by the Ethical Committee and Institutional Review Board of the Fudan University Shanghai Cancer Center. All patients in validation data set provided informed consent.
NAC Regimens
Patients in training set received NAC based on paclitaxel plus carboplatin (PC 
Histopathological Analysis
Pretherapy core needle biopsy was performed to determine the histological type and assess the expression of ER, PgR, HER2, and Ki67 in primary tumor tissues by using immunohistochemistry. ER and PgR status were considered positive if the proportion of positive cell was more than 10%. HER2 status was evaluated using HercepTest scoring system and fluorescent in situ hybridization was used to confirm the HER2 amplification by a ratio of HER2/CEN17 more than 2.2.
22 Ki67 score was expressed as the percentage of positively nuclear-stained cells among total number of invasive cells in 3 high-power (40Â objective) fields. We counted at least 500 malignant invasive cells according to recommendation from the international Ki67 in Breast Cancer Working Group. 23 
FDG-PET/CT Procedures
We controlled the quality of PET/CT and research methodology based on the STARD statement. A SIEMENS Biography 16 HR PET/CT scanner (Siemens Medical Solutions USA, Inc. Malvern, USA) was used in our research. Before scanning, patients were instructed to fast at least for 4 h and serum glucose concentrations were tested <10 mmol/L. Sixty minutes after intravenous injection of 18 F-FDG (7.4 MBq/kg), CT scans from thyroid cartilage to costophrenic angle were implemented, followed PET emission scans for 2 to 3 min per bed and images reconstruction on the basis of CT images with attenuation correction.
Two experienced nuclear physicians were blinded to evaluate the PET/CT images independently, without knowledge of the patients' clinical, imaging, or pathological information. A region of interest (ROI) was designed for 5 to 10 mm in the malignant breast lesions by adjustment and the SUV from ROIs was calculated as: SUV ¼ [mean activity (ROI) (MBq/mL)/ injected dose (MBq)]/total body weight (g).
In our study, SUVmax (maximum standardized uptake value) of primary lesion in breast were acquired, and the targeted lesions were defined as SUVmax !2.5 in the baseline PET/CT images and the maximum diameter !1 cm in CT images. All patients in validation set were designed to receive 18 FDG-PET/CT scans at baseline and after 2 and 4 cycle of NAC. Metabolic response to NAC for 2 or 4 cycles was calculated as: DSUVmax% ¼ (baseline SUVmax À interim SUVmax)/baseline SUVmax Â 100 (%). 24 
Pathological Response to NAC
After 4 cycles of NAC, primary tumors were surgically removed and post-therapy surgical excision specimens were evaluated for pathological response to NAC via Miller-Payne Grading System (MP Grading System), 25 which contains 5 hierarchical grades. pCR Grade 5 in MP Grading System was defined as no residual invasive carcinoma in primary tumor tissue but ductal carcinoma in situ was allowed. Grade 1 in MP Grading System was defined as no reduction in overall cellularity. Grades 2 to 4 have different percentage reduction in tumor cells. Pathological response rate was the primary endpoint of our study.
Statistical Analysis
IBM SPSS 22.0 (IBM Corp. New York, USA) and MedCalc 12.7 (MedCalc Software bvba, Ostend, Belgium) were used for statistical analyses. Data were described as numbers (percentages) or means AE standard deviation (SD). The predictive performance of parameters was evaluated by receiveroperating characteristic (ROC) curve analysis. Logistic regression model was used to analyze different predictive parameters and calculated predictive probability that was used to ROC analysis. Optimal cut-off values to predict chemotherapy response were calculated by Youden index using MedCalc12.7 software, and P < 0.05 (2-sided) was considered to be statistically significant. 
RESULTS
Patients' Characteristics in Training Set
Patients' Characteristics in Validation Set
From March 2012 to August 2014, 80 patients were enrolled into our study and underwent baseline PET/CT scan and Ki67 assessment, but 20 of them were excluded because of metastasis at baseline PET/CT (n ¼ 16) and postoperated pathological reports were unavailable (surgery was operated in other cancer center, n ¼ 4). Finally, 60 patients with evaluable PET-CT and pathological data were included for statistical analysis. Table 1 shows the baseline characteristics of validation patients. 
Ki67 Predicts pCR in Training Set
In training set, Ki67 expression was 41 AE 23% (mean AE SD). We used ROC curve to evaluate the value of Ki67 in predicting the pCR to NAC independently (Figure 1) , then obtained an AUC of 0.624 (95% confidence interval [CI] 0.544-0.704, P ¼ 0.003). It indicated that pretherapeutic Ki67 was a pCR predictor to NAC in patients with LABC. Cut-off value of 60% for Ki67 offered the best accuracy in predicting pCR with the sensitivity of 33.87%, specificity of 85.36%, positive predictive value (PPV) of 37.5%, and negative predictive value (NPV) of 83.3%.
Ki67 and DSUVmax% Predict pCR in Validation Set
In validation set, Ki67 expression was 45 AE 23%. All 60 patients underwent PET-CT scans at baseline and after 2 cycles of NAC, and 48 patients underwent the post-4 cycles PET-CT scan. Baseline SUVmax (SUV1max, mean AE SD) was 9.4 AE 5.3. After 2 and 4 cycles of NAC, mean SUVmax (SUV2max and SUV3max) were 3.9 AE 2.8 and 2.4 AE 1.7, respectively ( Figure 2 ). Mean DSUVmax% after 2 and 4 cycles (DSUV1max% and DSUV2max%) were 53.7 AE 27.9% and 71.8 AE 18.6%, respectively. The correlation between DSUV1-max% and DSUV2max% was significant with correlation coefficient of 0.708 (P ¼ 0.001; Figure 3) .
We also evaluated the predictive value of Ki67, DSUV1-max%, and DSUV2max% alone using ROC analysis in validation set (Figure 4 ). There was no significant value for Ki67 in prediction pCR with the AUC of 0.580 (95% CI 0.427-0.733, P ¼ 0.304). However, either DSUV1max% or DSUV2max% could effectively predict the pCR in primary tumor, with the AUC of 0.744 (95% CI 0.616-0.872, P ¼ 0.002) and 0.791 (95% CI 0.665-0.918, P ¼ 0.002), respectively. At a cut-off of 65%, DSUV1max% offered the best accuracy in predicting pCR with the sensitivity, specificity, PPV, and NPV of 68.18%, 76.32%, 62.5%, and 80.6%, respectively; 69% was the optimum cut-off of DSUV2%, it clearly discriminates between pCR and non-pCR. The sensitivity, specificity, PPV, and NPV were 100%, 51.43%, 43%, and 100%, respectively.
In order to explore the predictive value of association of Ki67 and DSUVmax%, we combined Ki67 with DSUV1max% and DSUV2max% in logistic analysis model and built the regression equation to calculate pCR probability comprehensively, and subsequently used ROC analysis to calculate the AUC ( Figure 5 ). We found that the combined association predicted pCR more effectively with the highest AUC of 0.824 (95% CI 0.704-0.945, P ¼ 0.001). The sensitivity, specificity, PPV, and NPV of the association to predict pCR were 92.31%, 65.71%, 50%, and 95.8%, respectively.
SUVmax Predicts Nonpathologic Response (Grade 1 in MP Grading System)
We also explored the predictive value of SUVmax and found baseline SUVmax (SUV1max), post-2 cycles SUVmax (SUV2max) and post-4 cycles SUVmax (SUV3max) all could not predict pCR (figures were not shown in this paper). However, when we changed the target parameter as totally nonpathologic response (Grade 1 in the MP grading system), the SUV2max and SUV3max showed remarkable predictive value with the AUC of 0.898 (95% CI 0.819-0.977, P ¼ 0.0001) and 0.801 (95% CI 0.650-0.952, P ¼ 0.003; Figure 6 ), SUV1max still showed nonpredictive value (AUC of 0.638, P ¼ 0.155). With the cut-off value at 3.17 of SUV2max, the sensitivity, specificity, PPV, and NPV to predict the Grade 1 were 100%, 73.47%, 45.8%, and 100%, respectively. In addition, 1.9 was the optimum cut-off for SUV3max in predicting the Grade 1 with the sensitivity, specificity, PPV, and NPV of 81.82%, 70.27%, 45%, and 92.9%, respectively.
DISCUSSION
We found that pretherapeutic Ki67 expression in primary tumor could predict pCR in training set. And in validation set, the relative change of maximum standardized uptake value (DSUVmax%) in primary lesions results in early prediction for pCR to NAC. Ki67 in validation set did not show significant value in predicting pCR to NAC, but the combination of Ki67 and DSUVmax% maximally increased the predictive power. The SUVmax value at baseline and after 2 or 4 courses of NAC did not show predictive value for pCR, but the latter 2 parameters were found to be strong independent predictors for nonpathologic response.
Ki67 as a cellular marker for tumor proliferation was recommended to be used distinguishing between luminal A and luminal B subtypes with a cutoff value of 20% to 30% in the St Gallen International Consensus in 2015. 26 It is routinely assessed with ER, PgR, and HER2 by immunohistochemistry in pretherapy core-needle biopsy in many centers. Sueta et al 15 and Ohno et al 12 both reported that high pretherapeutic Ki67 level was an independent predictive factor for pCR with a cut-off value of 35% and 10%, respectively. In our study, we firstly evaluated Ki67 to sever as predictor for pCR using ROC analysis in training set and obtained a slightly low but statistical significant AUC of 0.624 (P ¼ 0.003), and best cut-off value of 60%. That indicated that Ki67 was a predictor for pCR which is consistent with previous researches, but its predictive value was limited with a relatively low AUC and high cut-off value which might be meaningless in luminal a subtype. Therefore, Ki67 should be combined with more biomarkers to enhance its predictive value.
Our study confirmed the predictive value of Ki67 and DSUVmax% of 18 FDG-PET/C prospectively. Unfortunately, we did not reach statistical significant value in Ki67 predicting pCR (AUC of 0.580, P ¼ 0.304) in validation set because of insufficient patient sample size. DSUVmax% of PET/CT was found to predict pCR effectively. When we combined Ki67 with DSUV1max% and DSUV2max%, the AUC in predicting pCR reached 0.824. These results suggested that Ki67 assessed routinely in pretherapy core-needle biopsy could supplementary increase the value of PET/CT in predicting pCR after NAC. Although DSUV2max% seemed better predictive value with AUC of 0.791 compared with DSUV1max% with AUC of 0.744, actually initial chemotherapy response is more valuable as a guide to subsequent treatment. Moreover, we found DSUV2max% was significantly correlated with DSUV1max%, when SUVmax of the 2nd course had a significant decrease; the decrease would last up to the 4th course. It indicated that the chemotherapy regimens continued to be effective in some patients. Therefore, the DSUV1max% after 2nd course was efficient to predict the patient's pCR. Many researches have probed the value of PET/CT in early evaluating the efficacy of NAC in breast cancer by the parameter of DSUVmax% before. [19] [20] [21] 27, 28 But different cut-off values of DSUVmax% were reported. Rousseau et al 21 reported that the DSUVmax% of 2nd course was the best time point to predict pathologic response (total or near-total therapeutic effect) with a threshold of 40%. Humbert et al 29 found that DSUVmax% after the 1st course could early predict the probability of achieving pCR or not with a cut-off of 50% in triple negative breast cancer (TNBC). Schwarz-Dose et al 30 used 45% as the cut-off of 1st course of NAC to predict pCR, and the sensitivity, specificity, PPV, and NPV were 73%, 63%, 36%, and 90%, respectively. In our study, the 65% cut-off of DSUV1max% provided the best performance to predict pCR with sensitivity, specificity, PPV, and NPV of 68.2%, 76.3%, 62.5%, and 80.6%, respectively. The difference of cut-off may because of different endpoint of pathologic response and different performance time of interim PET/CT.
The other parameters of PET/CT in predicting pCR were also assessed. SUVmax of baseline and 2nd or 4th course was found not to predict for pCR, but SUVmax of the 2nd or 4th course could effectively predict nonpathologic response, which may hint that tumors still with high metabolism after NAC may have a poor pathologic efficacy. For this population, it is worthy to explore early alteration of chemotherapy regimens to obtain better therapeutic response.
The main limitations of our study were the relative small sample size in validation set. Although 80 LABC patients were enrolled into our study and received the baseline PET/CT scan, unfortunately, 16 of them were diagnosed with distant metastasis at baseline PET/CT and were finally excluded. Four other patients were also excluded because of unavailable postoperated pathological reports in other center. Even though the external validation test consists of 60 patients, the percent of DSUVmax still showed significant power in predicting pCR, and the Ki67 enhanced the predictive power. Because of low sample size in validation set, patients in different subtypes were imbalanced between training and validation set. There were more Her2 overexpressed patients (36.6%) and less Luminal A subtypes (6.7%) in validation set, this may influenced the predictive value of Ki67. In addition, it was well addressed that metabolic changes during therapy in PET/CT are highly dependent on tumor subtype. 31, 32 We extended the research by exploring the predictive value of Ki67 and DSUVmax% in different subtypes, but there were no patients reached pCR in primary tumor in Luminal A (0/4) and TNBC (0/9) subtypes. Thus, we analyzed DSUVmax% in Luminal B and Her2 overexpress subtypes and found DSUVmax% could predict pCR for Luminal B patients but not for Her2 overexpress ones. Ki67 did not show any predictive value because of small sample size (figures were not shown in the paper). A prospective study with larger simple size to prove the predictive value of Ki67, DSUVmax%, and their combination in different subtypes is needed.
CONCLUSIONS
In conclusion, either PET/CT or Ki67 can be used for early prediction of pathologic response to NAC in patients with LABC. PET/CT combined Ki67 could be used as a better predictor of pathologic response to NAC for LABC patients. This may help the physician predict the probability of achieving pCR or not, and facilitate optimization of individual treatment plan by avoiding ineffective and excessive chemotherapy.
